During gastrulation, physical forces reshape the simple embryonic tissue to form a complex body plan of multicellular organisms 1 . These forces often cause large-scale asymmetric movements of the embryonic tissue 2,3 . In many embryos, the tissue undergoing gastrulation movements is surrounded by a rigid protective shell 4,5 . While it is well recognized that gastrulation movements depend on forces generated by tissue-intrinsic contractility 6,7 , it is not known if interactions between the tissue and the protective shell provide additional forces that impact gastrulation. Here we show that a particular part of the blastoderm tissue of the red flour beetle Tribolium castaneum tightly adheres in a temporally coordinated manner to the vitelline envelope surrounding the embryo. This attachment generates an additional force that counteracts the tissue-intrinsic contractile forces to create asymmetric tissue movements.
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Main text
It is not birth, marriage or death but gastrulation that marks the most important event in everyone's life, as Lewis Wolpert famously quipped. Animal gastrulation is characterized by the transformation of a single-layered blastula into a multi-layered gastrula consisting of socalled germ-layers from which all future embryonic tissues develop. This transformation is accompanied by large-scale tissue flows and folding events that are thought to be driven largely by tissue-intrinsic contractile forces [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In most species, gastrulation occurs within some form of a rigid shell surrounding the developing embryo, yet the interaction of the living tissue with the inner surface of the surrounding shell and the role of this interaction for gastrulation has not been explicitly considered.
In the red flour beetle Tribolium castaneum, the cellular blastoderm is confined by the vitelline envelope and remains closely apposed to it while undergoing large morphogenetic movement during gastrulation 18, 19 . This makes it an exquisite model for studying how gastrulation is impacted by interaction with its surroundings. In this system, gastrulation begins when approximately 2/3 of the blastoderm folds inwards to form the embryo that gets entirely engulfed by the remaining 1/3 destined to be become the extra-embryonic serosa (Fig   1a) . This morphogenetic event is characterized by large-scale posterior flow of the dorsal tissue, indicating that the blastoderm is rather free to slide underneath the vitelline envelope.
At the same time, the tissue at the anterior-ventral side remains stationary. Hence, the blastoderm exhibits large-scale unidirectional flow (Fig. 1a) . However, such asymmetric movement is difficult to reconcile with current models of tissue mechanics where movements are thought to arise exclusively through contractile force generation within the tissue 14, [20] [21] [22] . This is because inertial effects are negligible in biological systems and therefore tissues will only move when forces are acting upon them. Moreover, in a closed system consisting of a tissue that does not interact with its environment forces add up to zero, and one would expect 2 that the tissue flows driven by these forces also add up to zero (see SI). Hence, tissue-intrinsic contractile forces alone should not be able to generate unidirectional flow of the Tribolium blastoderm.
To resolve this apparent paradox, we sought to investigate the forces governing unidirectional morphogenetic tissue flow in Tribolium. In many organisms, non-muscle myosin II (hereafter referred to as myosin) activity is the dominant mechanism of contractile force generation in epithelia 14, 15, 17, 21, 22 . Thus, we first set out to evaluate the contribution of myosin-dependent contractile forces to the generation of unidirectional flow. To this end, we quantified the tissue flow and the myosin distribution by in toto multi-view light sheet imaging [23] [24] [25] [26] of the regulatory light chain of myosin, visualized through transient expression of Tc.sqh-eGFP (spaghetti squash, TC030667). Despite the complexity of this morphogenetic process 18 , key features of Tribolium tissue flows are captured in the mid-sagittal cross-section of the embryo where the blastoderm flows exclusively parallel to the circumference ( Fig. 1b & Supplementary Video 1). Along this 1D contour, we obtained the distribution of myosin intensity over time and extracted the tissue flow field via particle image velocimetry ( Fig.   1c,e ). Because the blastoderm forms a relatively thin layer compared to the dimensions of the egg ( Fig. 1d) , we made use of thin-film active gel theory [27] [28] [29] to predict the tissue flow-field generated by the spatial variation of myosin activity in the tissue 14, [20] [21] [22] . This theory relates tissue flow to the global myosin distribution through two material parameters that determine how far active mechanical forces propagate inside the tissue 30 : friction between the tissue and its surroundings, and internal viscosity of the tissue layer. We determined the parameters for which the flow-field calculated from the theory best matches the experimentally measured one (see SI). While we find good agreement between the flow-fields from theory and experiment on the dorsal side of the embryo, the theory predicts the ventral tissue to flow posteriorly, a feature never observed in experiments ( Fig. 1f & Supplementary Video 2) . The 3 theoretical prediction can be intuitively understood by examining the distribution of myosin along the embryo circumference: initially, myosin is distributed uniformly all over the embryo and no tissue flow is expected. However, at the onset of gastrulation, myosin becomes enriched in the embryonic part of the blastoderm (the posterior-ventral region) and concurrently becomes reduced in the serosa (the anterior-dorsal region) ( Fig. 1c ,e & Supplementary Videos 1,2). This global difference in myosin is expected to create flows towards the area of myosin enrichment from both sides: posterior flow on the dorsal side as well as posterior flow on the ventral side. Such symmetric flows are a consequence of the argument above that the sum of all flows, driven by forces that add up to zero, is also zero.
Hence, myosin mediated tissue-intrinsic forces alone do not explain the stationary position of the anterior-ventral blastoderm portion. Therefore, additional forces must contribute to the observed tissue flows.
The absence of anterior ventral flow provides an important hint towards the source of such a force. For instance, it is conceivable that the anterior-ventral blastoderm interacts mechanically with the vitelline envelope 18,19,31 ' anchoring' this region of the blastoderm in place. Such a local interaction would provide an additional external force that counteracts the forces generated by the tissue-intrinsic myosin activity. To investigate this hypothesis in our model, we included an anterior-ventral anchor point with infinite friction between tissue and vitelline envelope in the theory (see SI). This amended theory closely matches the experimentally measured magnitude of the large-scale dorsal tissue flow, while the ventral tissue remains stationary ( Fig. 1g & Supplementary Video 3) . Therefore, blastoderm anchoring to the vitelline in the anterior-ventral region together with myosin contractility of the tissue can quantitatively account for the observed unidirectional morphogenetic flow in Tribolium.
Next, we investigated this theory-based prediction, that the blastoderm is anchored to the vitelline, with several different experimental approaches. From earlier scanning electron microscopy studies it is known that microvilli protrude from the apical surface of the blastoderm all over the embryo 19 , and it is conceivable that these protrusions attach to the vitelline envelope 32 . We examined the distance between microvilli and the vitelline using transmission electron (TEM) tomography. Indeed, we observed that the ends of the protrusions are in direct contact with the vitelline envelope ( Fig. 2a,b ). Furthermore, we found small electron dense structures that could represent trans-membrane protein complexes at these connections ( Fig. 2b') . We next imaged the dynamics of the apical protrusions via high-resolution live microscopy of Tribolium line constitutively expressing LifeAct-eGFP 33 ( Fig. 2a,d & Supplementary Video 4). We observed that the apical surface of the blastoderm cells is initially well separated from the vitelline envelope and the microvilli are bridging this space ( Fig. 2a,e ). This observation is consistent with the tissue being relatively free to move inside the vitelline at the onset of flows. However, preceding the onset of tissue flow, the protrusions of some cells on the ventral side of the embryo shrink and the apical surfaces of the cells get closer to the vitelline envelope, thus increasing their contact area ( Fig. 2a ,c,e & Supplementary Video 5). This raises the possibility that specific cells towards the anterior of the embryo may increase the strength with which they adhere to the vitelline.
To localize the exact group of cells that increase their proximity to the vitelline in space and time, we directly visualized the separation distance between the blastoderm and the vitelline.
For this, we injected a solution of rhodamine-labelled dextran into the perivitelline space of a LifeAct-eGFP embryo ( Fig. 2f,g) . After the solution was injected at the posterior pole prior to the onset of gastrulation, the fluorescent signal distributed homogeneously across the perivitelline space surrounding the whole embryo (Fig 2g & Supplementary Video 6 ). This indicates a similar distance between blastoderm and vitelline all around the embryo.
However, over the course of gastrulation, a restricted region at the anterior-ventral border between serosa and embryo exhibited a strong displacement of the dextran solution indicated by a local loss of intensity ( Fig. 2g & Supplementary Video 6). Indeed, it is this very region of the blastoderm that remains stationary during gastrulation. Temporally, the formation of the contact zone defined by dextran exclusion precedes the onset of tissue flow and persists for ~4 hours indicating the formation of a stable attachment between the blastoderm and the vitelline. However, the dextran exclusion area eventually disappears at a later stage (Fig. 2g) , and the dynamics of the tissue at these later time points provides additional evidence for anchoring of the blastoderm to the vitelline. During the final stages of serosa tissue closure around the internalized embryo, the border between embryo and serosa shows an upregulation of actomyosin resembling the supra-cellular actin cable 34 Taken together, these data indicate that the blastoderm attachment is localized to the anterior ventral region, that it is formed dynamically over time, and that high forces acting on this blastoderm region can eventually break its adhesion to the vitelline envelope.
We next tested directly whether this attachment is bearing a force during flow by disrupting it prematurely. If the attachment is mediated by protein complexes as suggested by the TEM data, digestion with a protease introduced into the perivitelline space should lead to an immediate disruption of adhesion. We would then expect the myosin-generated tissue contractility to pull the attachment zone posteriorly. To test this, we injected a solution of trypsin into the perivitelline space of an embryo during flow and observed the reaction of the 6 ventral blastoderm ( Fig. 3a) . Indeed, within minutes after the injection, the blastoderm exhibited a sudden movement of approximately 60µm towards the posterior end of the embryo ( Fig. 3a & Supplementary Video 9) consistent with the theoretical prediction that the posterior part of the embryo is pulling on the anterior part. This confirms that the blastodermvitelline contact is indeed sustaining a substantial force.
Since non-specific digestion of proteins in the perivitelline space released the blastoderm attachment and TEM data showed a possible protein complex at the tip of the microvilli attached to the vitelline, it is conceivable that a specific molecular machinery rather than passive mechanical coupling and unspecific friction mediates the interaction. To investigate this, we searched for proteins that would be zygotically expressed specifically in the attachment zone, mediating some form of cell to extracellular matrix interaction. Possible candidate proteins that could fulfil such function are integrins, a class of transmembrane proteins that attach cells to the extracellular matrix 36 . Indeed, the expression pattern of the homolog of Drosophila alphaPS2-integrin inflated (if), (TC001667 Tc.inflated), coincides precisely with the attachment zone in the ventral blastoderm 37 (Fig. 3b) . We next tested whether Tc.inflated plays a role in attachment of the blastoderm to the vitelline envelope by downregulating the gene in the embryo using RNA interference 38 Remarkably, this ectopic ventral flow matches the initial prediction of an active thin film fluid theory without the attachment point that we had initially applied to wild-type ( Fig. 3f) .
In addition, when we predicted tissue flows from the myosin distribution imaged with light sheet in Tc.inflated RNAi embryos, the theoretical description without an attachment quantitatively matched our observations ( Fig. 3g & Supplementary Video 12) . Thus, in 7 detached embryos, tissue-intrinsic forces alone are sufficient to explain the tissue flows.
Moreover, the strength of the observed Tc.inflated knockdown phenotype varied and in extreme cases the embryos rotated inside the egg shell resulting in a random positioning of the serosa window and the embryo ( Fig. 3d & Supplementary Videos 10,11 ). This observation further corroborates a complete loss of attachment to the vitelline. In conclusion, our data are consistent with the blastoderm being attached to the vitelline envelope by an alphaPS2-integrin, and that this attachment is necessary for normal gastrulation in Tribolium.
We next wondered if the integrin-mediated interaction of blastoderm and vitelline observed in Tribolium could be a general feature of insect gastrulation. Interestingly, the expression of alphaPS integrins in the fruit fly Drosophila melanogaster is restricted to specific regions of the blastoderm prior to gastrulation 39 . Among these, the alphaPS3 integrin scab (scb) is zygotically expressed in the posterior dorsal region of the blastoderm where the hindgut primordium invaginates during gastrulation 40 (Fig. 4a) . We set out to test if, similar to Tribolium, this integrin might mediate an interaction of the hindgut primordium with the vitelline. Indeed, a blastoderm vitelline proximity map ( Fig. 4b & Supplementary Video 13) and a trypsin digestion experiment (Supplementary Video 14) are consistent with a force bearing contact between the hindgut primordium and the vitelline envelope during germ-band extension. In the light of the Tribolium results, we predicted that abolishing such an interaction would cause abnormal gastrulation movements, and we indeed observed that the germ-band dramatically twisted to the lateral side in scb mutants 40 (Fig. 4c,d & Supplementary Videos 15,16 ). This result suggests that Scab plays a role in keeping the hindgut aligned with the dorsal midline of the embryo, possibly by mediating frictional forces between blastoderm and vitelline. 8 Taken together, the application of a theory relating myosin contractility to tissue flow in Tribolium gastrulation revealed a tissue-extrinsic force that was previously not considered relevant for tissue mechanics in insects. This force originates from a spatiotemporally regulated pattern of adhesion between the blastoderm and the surrounding vitelline envelope.
The resulting anchoring is likely mediated by integrins and counteracts tissue-intrinsic contractile forces to generate asymmetric flows during gastrulation of Tribolium. The pattern of interaction between blastoderm and vitelline is different in Tribolium and Drosophila, giving rise to the intriguing possibility that the evolution of the regulation of integrin expression within the blastoderm is one of the mechanisms contributing towards diversification of early embryonic morphogenesis in insects 41 . In the future, it will be interesting to investigate the exact molecular mechanism and the spatio-temporal control of blastoderm adhesion to the vitelline as well as its impact on the evolution of early morphogenetic processes in insects and other organisms. (g) Theoretically predicted flowfield, assuming the tissue is anchored at the anterio-ventral side of the embryo (red anchor).
Note that in contrast to (f), the predicted flowfield matches the measured one (compare insets). 
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Methods
Stock keeping & transgenic lines
Tribolium castaneum (Herbst) stocks were cultured on organic whole wheat flour with dry yeast powder added 42 . Stocks were maintained at 32°C and 70% relative humidity. All mRNA injection experiments were conducted as described previously 18 
Plasmid generation and RNA synthesis
To visualize myosin, we amplified the full-length regulatory light chain of non-muscle myosin II (spaghetti squash, TC030667) from Tribolium cDNA by PCR and cloned it into pCS2+ vector to generate a GFP fusion (pCS2+-Tc.sqh-eGFP). Capped mRNA was subsequently transcribed in vitro with the mMessage machine Kit pCS2 (Invitrogen)
according to the manufacturer's instructions. Similarly, a pCS2+-syn21::LifeAct-eGFP plasmid (syn21 sequence from 45 ) was used to generate LifeAct-eGFP mRNA for co-injection with dsRNA.
For RNAi silencing of Tc.inflated, dsRNA against two different regions of the Tc.inflated gene (TC001667) were used: iBeetle RNAi (iB_03227) was acquired from Eupheria Biotech GmbH, Dresden, Germany. The second dsRNA was made by in vitro transcription of a PCR product generated from Tribolium cDNA with the Megascript T7 Transcription Kit (Invitrogen). The gene region suitable for RNA interference was identified using DEQOR 46 and amplified with the following primers: T7-promoter-CCGGTGCCGTCGAATAAAG and T7-promoter-GAAGTGCGATGCGTTTGATTG.
Embryo injections
For injection experiments, Vermillion white or LifeAct-eGFP embryos were collected for two hours and after one additional hour dechorionated for 2 x 45 seconds in 20% v/v bleach. 
Image processing
The multi-view light sheet data (referred to as SPIM data) were registered and fused in Fiji 48 as previously described 24, 47 . A custom developed plugin for BigDataViewer 49 Cylindrical projections of the LifeAct-eGFP SPIM data were produced for better overview of all tissue movements with a custom Python script. In short, after fusion of the SPIM data, the anterior-posterior (AP) axis of the embryo was defined manually. At every pixel along this axis, the maximum intensity along evenly spaced radial lines was determined yielding a flattened projection of the 3D data. The resolution along the AP axis equals that of the original SPIM data; the resolution in the orthogonal direction, however, depends on the distance at which the maximal intensity is detected, and therefore, is not defined.
To produce a "proximity map" of the distance between blastoderm tissue and vitelline envelope, the dextran channel was processed as follows: The signal was first inverted and the histogram was then adjusted to yield a uniform zero before gastrulation and a high signal during gastrulation. Then a colormap was applied and the result was overlaid with the grayscale LifeAct-eGFP signal. All processing was restricted to the inside of the embryo by an appropriate mask. 
Measurement
Theoretical analysis
The details of all theoretical derivations as well as the fitting procedure are given in the Supporting Materials and Methods document.
TEM Tomography
Un-dechorionated LifeAct-eGFP embryos of appropriate stage were high-pressure frozen (Leica EM ICE) and automatically freeze-substituted (Leica EM AFS2) in a morphology cocktail containing acetone, 1% Osmiumtetroxide and 0.1% Uranylacetate. At room temperature, samples were gradually infiltrated with LX112-resin (Ladd Research) and polymerised at 60 ºC. For tomography, 300 nm sections were cut with an Ultramicrotome (Leica Ultracut), post-contrasted with Uranyl acetate and lead citrate, and labelled with 15 nm gold fiducials. Tomograms were acquired at a 300 kV transmission electron microscope (Tecnai F30, equipped with camera Gatan "Ultrascan"), and reconstructed with help of the IMOD software 50 (http://bio3d.colorado.edu/imod/).
RNA in situ hybridization
Staged Vermillion white embryos were dechorionated and fixed to visualize the expression pattern of Tc.inflated by RNA in situ hybridization with digoxigenin-UTP-labeled RNA probes following a standard protocol 51 . The protocol was modified by including a finer rehydration series (PBS:methanol 3:7, 5:5, 7:3), longer washing steps (30 minutes each extending the protocol to 3 days) and hybridization buffer as described previously 52 . The antisense probe was transcribed with a T7 RNA polymerase from a PCR template amplified from cDNA with the following primers: T3-promoter-ACCAACACACGCTACAACCA and T7promoter-ACCCACAAAGGCACAGTTTC.
